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Endothelial cells line blood vessel walls and form
the interface between the flowing blood and the
smooth muscle tissue of the vessel wall. These cells
are exposed to shear stress and a number of signaling
molecules in the blood. Endothelial cells are a source
of vasoactive compounds and are vital in regulating
many physiologic processes. (An excellent review of
endothelial cell biology is found in Cines et al.1)
Endothelial cells act as a transducing surface for
shear stress effects on the vessel wall. These cells sense
changes in blood flow and signal the smooth muscle
cells to respond accordingly by synthesizing platelet-
derived growth factor, interleukins, endothelins, nitric
oxide, and prostacyclin. They also modulate the con-
tractile state and proliferation of the underlying
smooth muscle cells, interact with leukocytes, and
participate in the reactions involved in blood clot for-
mation and thrombolysis.1 On a time scale of several
days, there are shear stress–induced morphologic
changes of endothelial cells, such as elongation and
alignment of the cells and their cytoskeletal structural
elements with the direction of the flow.2
There has been a great deal of interest in eluci-
dating the signal transduction pathway for endothe-
lial cell responses to both shear stress and agonist
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Endothelial cells line the vasculature and are exposed to mechanical shear stress because
of blood motion. Previous studies have shown that endothelial cells respond to shear
stress by altering their metabolism and genetic expression, but the mechanism for shear
stress signal transduction remains unclear. In the current study, we investigated the role
of intracellular Ca2+ increases as a part of the shear stress signal transduction cascade.
Primary human umbilical vein endothelial cells were loaded with the calcium-sensitive
dye fura-2 and exposed to fluid flow in a parallel plate flow chamber in the presence of
the inflammatory mediator histamine or the proteolytic enzyme thrombin. The initia-
tion of shear stress (in the range of 0.2-20 dyne/cm2) in the absence of either agonist
caused no increase in intracellular Ca2+ levels. Cells exposed to either histamine (10–9 to
10–7 mol/L) or thrombin (0.02-0.2 U/mL) showed an intracellular calcium increase
(20-150 nmol/L) that was dependent on the magnitude of the shear stress and on the
concentration of agonist. In cells exposed to histamine and shear stress, the magnitude
of the intracellular calcium increase was not altered, except at 10–7 mol/L histamine.
The time course of the response was significantly faster for arterial than for venous lev-
els of shear stress at histamine concentrations from 10–9 to 10–7 mol/L. The magnitude
of the [Ca2+]i response was dependent on both the magnitude of the shear stress and the
concentration of thrombin. At a thrombin concentration of 0.2 U/mL, the increase in
intracellular Ca2+ was significantly greater at arterial levels of shear stress (6-20
dyne/cm2) than at venous levels of shear stress (0.2-1 dyne/cm2). Because we solved the
governing mass balance equation to precisely determine the effect of flow on local ago-
nist concentration, the alterations in the [Ca2+]i response were not due to differences in
mass transfer characteristics. These results demonstrate that even in a system in which
the initiation of shear stress without agonist causes no detectable change in intracellular
Ca2+, the calcium response to agonists is changed, which suggests that the signal trans-
duction pathway for shear stress acts synergistically with the thrombin and histamine
signal transduction pathways. (J Vasc Surg 2000;32:593-601.)
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stimulation. Both histamine and thrombin appear to
act through elevations in intracellular calcium con-
centration.3,4 Histamine acts by binding to g-pro-
tein–linked receptors in the plasma membrane. This
activates a phospholipase C, leading to the intracel-
lular release of inositol trisphosphate, which in turn
binds to receptors on the endoplasmic reticulum and
leads to the release of calcium from intracellular
stores. Thrombin is the proteolytic enzyme that
cleaves fibrinogen to form an insoluble fibrin clot.
Thrombin has also been shown to play an important
role in regulating coagulation and inflammation.
Thrombin acts on endothelial cells by binding to
and cleaving the proteolytic activated receptor types
1 and 2. The freshly cleaved end of the receptor
(also called a tethered ligand) binds to a site on the
receptor; the result is its activation. This receptor is
linked to a g-protein that eventually leads to an
increase in intracellular calcium concentration.5-10
The signal transduction pathway for shear stress
activation of endothelial cells is less clear. Some stud-
ies have suggested a role for the mitogen-activated
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Fig 1. Intracellular calcium response of a single 40× field of view of HUVECs (approximately 60-80
cells) exposed to flow at several concentrations of histamine. On each graph, first vertical bar represents
time at which flow was started; second vertical bar represents time at which, according to prediction of
convection/diffusion model, histamine concentration at wall reaches 50% of bulk concentration. Time
to reach 50% of bulk value is 13 s for 0.2 dyne/cm2, 3.4 s for 1 dyne/cm2, and 0.4 s for 20 dyne/cm2.
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B
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protein kinase cascade.11 Several studies12-18 have
suggested that the initiation of shear stress can cause
a transient increase in intracellular calcium concen-
tration. However, several other studies4,19-22 have
reported no such increase in the absence of specific
chemical agonists. Because many of the endothelial
cell functions that are altered in response to shear
stress appear to depend on elevations of intracellular
calcium, it seems reasonable to hypothesize that
shear stress itself would increase intracellular calcium
levels. On the other hand, some recent studies have
demonstrated that shear stress can increase nitric
oxide synthase activity in the absence of an increase
in intracellular calcium levels.23
To clarify the role of intracellular calcium
increases in shear stress signal transduction, we will
determine the time course of the change in intracel-
lular calcium concentration in endothelial cells
exposed to shear stress and either histamine or
thrombin by using cells loaded with the calcium-
sensitive fluorescent dye fura-2 and fluorescence
video microscopy. Our hypothesis is that shear stress
amplifies the intracellular calcium response of
endothelial cells to low concentrations of agonists,
although by itself shear stress has no measurable
effect on intracellular calcium concentrations.
MATERIALS AND METHODS
Cell culture. Human umbilical vein endothelial
cells (HUVECs) were isolated3,24 from umbilical
cords obtained from the Norman Regional Hospital,
Norman, Okla. In brief, the veins were washed with
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Fig 2. Maximum increase in intracellular calcium concentration for endothelial cells exposed to shear
stress and either histamine or thrombin. Results from 6 to 8 different cord pools were averaged for
each data point. Error bars represent SEM. A, Cells exposed to histamine. B, Cells exposed to throm-
bin. Asterisk indicates significant difference.
A
B
N-2-hydroxyethylpiperazine-N-2-ethanesulfonic
acid (HEPES)–buffered saline solution to remove
excess blood; they were then incubated for 45 min-
utes with type I collagenase, activity 221 U/mg, at
a concentration of 70 U/mL in Hank’s balanced salt
solution (HBSS) at room temperature to release the
endothelial cells from the vessel wall. The cell sus-
pension was centrifuged at 700g for 10 minutes. The
cells were resuspended in 15 mL of complete tissue
culture medium containing tissue culture medium
M199, 1.0% L-glutamine, 20% fetal bovine serum,
and 2.5% penicillin-streptomycin. The cells were
seeded onto glass slides and incubated for 5 days
until the monolayer had become confluent. During
this time, the cultured endothelial cells produce
their own matrix, which includes collagen, von
Willebrand factor (vWF), and fibronectin and is sim-
ilar to the matrix found in vivo.
Fluorescent dye loading. Confluent monolay-
ers of primary HUVECs on coverslips were loaded
with the calcium-sensitive fluorescent dye fura-2.
Fura-2AM was dissolved in dimethyl sulfoxide to
form a 1-mmol/L solution and added to 10 mL of
medium M199, which was placed on the cells for a
final concentration of 5 µmol/L fura-2AM. After 30
minutes at 37˚C, the slides were washed three times
with HEPES-buffered saline solution and incubated
with M199 for an additional 30 minutes at 37˚C.
Cells were used for experiments within 2 hours of
loading of the fluorescent dye.
Flow experiments. The glass slide with the
endothelial cell monolayer was mounted onto the
flow chamber. The flow chamber was made of poly-
carbonate and designed to give a parallel flat plate
flow geometry.21 The flow channel was 1.0 cm wide
and 2.5 cm long, and the gap width between the
glass slide and the flow chamber was 0.0254 cm. The
flow rate through the flow chamber was varied
between 0.13 and 13.3 cm3/min by an
infusion/withdrawal syringe pump (producing shear
stresses in the range of 0.2-20 dyne/cm2). Under
these conditions, the flow is steady, laminar, and
Newtonian and has a low Reynolds number. In
experiments in which cells were exposed to flow and
agonist, the agonist solution was perfused into the
flow chamber intake manifold without the cells being
exposed to either flow or agonist. The flow chamber
was mounted on the stage of an inverted Nikon
microscope (Nikon, Melville, NY) with a 150W
xenon light source, and the cells were imaged with a
40X fluorite objective. The cells were illuminated
with light whose wavelength alternated between 340
and 380 nm. The emission, at 510 nm, was detected
with an intensified charge-coupled device camera and
saved to a computer. Pairs of images were obtained
approximately every 1 second. A ratio of the two
images was calculated through use of digital image
analysis software developed by Inovision (Raleigh,
NC). Data acquisition and analysis were performed
on a Silicon Graphics Indy workstation (Mountain
View, Calif). A calibration curve to relate calcium
concentration to fluorescence ratio was obtained
through use of free fura-2 in HBSS at a range of cal-
cium concentrations. Calcium concentrations were
also obtained by determining Rmax and Rmin.25,26
These values differed from the calibration curve by
approximately 10% over the physiologically relevant
range of calcium concentrations.
Materials. Human thrombin (2500 U/mg), his-
tamine dihydrochloride, and dimethyl sulfoxide were
purchased from Sigma (St Louis, Mo). Collagenase
type I was purchased from Worthington (Lakewood,
NJ). Penicillin-streptomycin, fetal bovine serum, L-
glutamine, HBSS, and medium M199 were pur-
chased from Gibco (Grand Island, NY). Number 2
coverslips, each 24 mm × 50 mm, were purchased
from Fisher Scientific (Hampton, New Hampshire).
The acetoxymethyl ester of fura-2 was purchased
from Molecular Probes, Inc (Eugene, Ore).
Data analysis. The area of analysis was a 120 µm
× 130 µm rectangle in the center of the field of view.
The resting intracellular calcium concentration was
defined as the average concentration in the 10 sec-
onds before the initiation of flow. The maximum
intracellular calcium concentration was defined as
the average concentration within 10 seconds of the
peak value. The difference between the maximum
and resting intracellular calcium concentrations was
JOURNAL OF VASCULAR SURGERY
596 Worthen and Nollert September 2000
Delay time for intracellular calcium concentrations to reach 50% of maximum value
Delay time (s)
Concentration of Shear stress Shear stress Shear stress Shear stress Shear stress
histamine (mol/L) 0.2 dyne/cm2 1 dyne/cm2 6 dyne/cm2 12 dyne/cm2 20 dyne/cm2
10–9 46.8 ± 6.0 42.4 ± 1.1 21.0 ± 1.4 22.6 ± 4.7 11.8 ± 1.3
10–8 30.2 ± 13.0 19.6 ± 1.3 10.9 ± 0.5 9.5 ± 1.5 8.1 ± 0.3
10–7 9.7 ± 3.0 11.0 ± 2.9 6.2 ± 0.8 6.9 ± 1.2 5.1 ± 0.9
defined as the increase in [Ca2+]i. The lag time for
the intracellular calcium response was defined as the
elapsed time beginning when the agonist concentra-
tion near the cells had reached 50% of its bulk value
and ending when the cells had reached 50% of their
maximum intracellular calcium response. 
The concentration of agonist near the surface of
the endothelial cell monolayer does not instanta-
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Fig 3. Response of single cells in monolayer of primary HUVECs that were exposed to thrombin and
shear stresses of 0.2, 1.0, or 20 dyne/cm2. Black vertical bar at approximately 20 seconds indicates
time at which flow was started. Small vertical bars on each single cell tracing illustrate time required
for concentration of thrombin near cell surface to reach 50% of its bulk value, as determined by solu-
tion to convection/diffusion equations; this time is 25.3 s for 0.2 dyne/cm2, 7.7 s for 1 dyne/cm2,
and 0.6 s for 20 dyne/cm2. A, Response to 0.02 U/mL of thrombin. B, Response to 0.1 U/mL of
thrombin. C, Response to 0.2 U/mL of thrombin.
neously go from 0 to the bulk concentration. Mass
transfer limitations cause the agonist concentration to
vary as a function of the flow rate, time, and position
within the flow chamber. In these studies, the position
was fixed at a point 1 cm from the inlet to the flow
channel at the cell surface. At this point, the concen-
tration of agonist near the wall will be a function only
of time. We solved the time-dependent convection
diffusion equations using a finite difference technique
to determine the time course of agonist concentration
near the endothelial cell surface rather than measuring
the change in agonist concentration directly.
The governing mass balance equation in differ-
ential form is
∂c ∂c ∂2c— + v(y)— = D—∂t ∂x ∂y2
where c is the concentration of agonist and is a func-
tion of time and position in the flow chamber. The
velocity field in the flow chamber is assumed to be
parabolic and is given by
v(y) = vmax[1 – (y/h)2],
where vmax is the velocity at the center of the flow
channel and h is the half height of the flow channel.
The binary diffusion coefficient is given by D and was
assumed to be equal to 6.73 × 10–4 cm2/s for hista-
mine27 and 4.16 × 10–7 cm2/s for thrombin.28 The
boundary conditions are no flux of agonist at the cell
surface (y = 1), no flux at the centerline (y = 0), an ago-
nist concentration of 0 at the inlet (x = 0) and ∂c/∂x =
0 at x = L, far downstream from the inlet. The gov-
erning equation and its associated boundary condi-
tions were solved through use of the finite difference
technique. The region was divided into approximately
5000 small elements such that the concentration and
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Fig 4. Confluent monolayers of endothelial cells were exposed to shear stress and thrombin. Percent
of cells that showed increase of at least 20 nmol in intracellular calcium was determined for each field
of view. Two to 5 experiments were used for each shear stress and concentration of thrombin. A is for
0.02 U/mL thrombin; B is for 0.2 U/mL thrombin.
A
B
∂c ∂c ∂2c
— + v(y) — = D —∂t ∂x ∂y2
v(y) = vmax[1 – (y/h)2],
velocity within each small element could be considered
constant. The small elements were chosen to be small
enough that the computed concentrations did not
change if the elements were made smaller. A FOR-
TRAN program implementing the Crank-Nichleson
method was developed. The resulting set of linear
equations was solved iteratively at each time step, with
∆t equal to 0.0002 second. The order of magnitude
difference in the diffusion coefficient between throm-
bin and histamine suggests that the concentration pro-
file for thrombin will develop more slowly. The model
predicts that at 0.2 dyne/cm2 it will take 13 seconds
for histamine to reach 50% of its bulk value at a point
on the wall at the middle of the flow chamber, where-
as it will take thrombin approximately 25 seconds to
reach 50% of its bulk value.
RESULTS
Primary HUVECs exposed to the initiation of
shear stress with HBSS ranging from 0.2 up to 20
dyne/cm2 did not display a measurable increase in
intracellular calcium levels. In contrast, cells exposed
to shear stress in the presence of a chemical agonist,
either thrombin or histamine, showed an increase in
intracellular calcium levels. Fig 1 shows typical trac-
ings for the central portion of a 40× field of view
(approximately 60-80 cells) responding to the initia-
tion of flow at 0.2, 1.0, or 20 dyne/cm2 for several
concentrations of histamine. Intracellular calcium
levels begin to increase within several seconds after
the flow has started. The calcium levels reached a
peak value and then slowly returned to near basal val-
ues over a period of several minutes. The response of
individual cells was similar to the response of the field
of view. The SD for the maximum increase in [Ca2+]i
in individual cells was approximately 10%. The first
vertical bar in each panel shows the time at which
flow was initiated. The second vertical bar shows the
time at which the histamine concentration at the cell
surface has reached 50% of the bulk value at a point
midway between the inlet and outlet of the flow
chamber. This value was obtained from the finite dif-
ference solution to the convection/diffusion equa-
tion. This shows that endothelial cell intracellular cal-
cium response to histamine is faster at higher levels of
shear stress. The lag times are summarized in the
Table. The lag time for the intracellular calcium
response was defined as the elapsed time beginning
when the cells had reached 50% of their peak intra-
cellular calcium concentration and ending when the
concentration of agonist at the cell surface reached
50% of its maximum value (the second vertical line in
each of the panels in Fig 1). There is a significant
decrease (P < .05) in the lag time at each histamine
concentration between cells exposed to 0.2
dyne/cm2 and cells exposed to 20 dyne/cm2. In
addition, increasing the histamine concentration
from 10–9 to 10–7 mol/L caused a significant (P <
.05) decrease in the lag time at each shear stress.
The maximum increase in intracellular calcium
concentration for the central portion of a field of
view (Fig 2, A) was a function of the histamine con-
centration but not a function of the shear stress
except at the highest concentration of histamine used
(10–7 mol/L). Cells exposed to 10–10 mol/L hista-
mine did not exhibit any increase in intracellular cal-
cium levels and responded similarly to cells exposed
to HBSS alone. In contrast, cells exposed to throm-
bin in the presence of shear stress displayed an intra-
cellular calcium response that depended on both the
concentration of thrombin and the magnitude of the
shear stress (Fig 2, B). At low levels of thrombin and
shear stress, the increase in intracellular calcium con-
centration was small, approximately 0.01 µmol/L. At
high concentrations of thrombin (up to 0.2 U/mL)
and arterial levels of shear stress (up to 20
dyne/cm2), the increase in intracellular calcium con-
centration was much larger, approximately 0.10
µmol/L. The change in intracellular calcium concen-
tration was significantly greater in cells exposed to 20
dyne/cm2 than in cells exposed to 0.2 dyne/cm2 at
all thrombin concentrations examined.
Fig 3 shows the response of single cells exposed to
thrombin over a range of shear stresses. This figure
highlights our result that increasing the magnitude of
the shear stress can increase the intracellular calcium
response. Also evident in this figure is that there is a
delay in the response of cells to the initiation of the
flow in the presence of agonist, particularly at the
lower levels of shear stress. The time course of the
response of individual cells to thrombin was quite het-
erogeneous, but there was not much variation in the
maximum intracellular calcium concentration. The SD
of the response of single cells was approximately 10%
of the change in intracellular calcium concentration.
This heterogeneity in response is illustrated in Fig 4, in
which we show the percentage of cells in the field of
view that have begun to respond as a function of time
for cells exposed to thrombin over a range of shear
stresses. A cell is deemed to have responded when its
intracellular calcium concentration has increased by at
least 20 nmol/L. We find that for all but the lowest
shear stress used (0.2 dyne/cm2), essentially all of the
cells in the field of view will eventually respond. The
time required for the cells to respond increases as the
shear stress is decreased. In some cases, individual cells
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exposed to thrombin and shear stress responded
before the time at which, as predicted by the model,
the concentration reached 50% of the bulk value.
These cells are responding to the thrombin concentra-
tion as it builds up to the bulk value. Interestingly, the
time course of the response of single cells exposed to
histamine and flow was much more homogeneous. All
of the cells in a field of view responded within 2 sec-
onds regardless of the magnitude of the shear stress for
histamine concentrations greater than or equal to 10–9
mol/L (data not shown).
Finally, we examined the possibility that cells
might respond differently if there was a longer delay
between the initiation of flow and the increased con-
centration of agonist. Exposing cells to 0.2 or 1.0
dyne/cm2 for 5 minutes before introducing throm-
bin at concentrations of either 0.02 or 0.1 U/mL,
we found no difference in the magnitude or speed of
response of the cells in comparison with starting
flow and agonist at the same time (data not shown).
DISCUSSION
Understanding the signal transduction pathway
for shear stress–stimulated endothelial cells is impor-
tant in a number of vascular disease processes, includ-
ing cardiovascular disease. Many studies have shown
the importance of shear stress in modulating
endothelial cell metabolism and genetic expression;
however, the precise mechanism for the signal trans-
duction mechanism has remained unclear. The initia-
tion of shear stress has been shown to cause increased
synthesis of prostacyclin, nitric oxide, release of von
Willebrand factor, and morphologic changes. These
events have been associated with an increase in intra-
cellular calcium levels. Although several studies have
demonstrated an increase in [Ca2+]i in response to
the initiation of shear stress, there have also been sev-
eral studies that failed to demonstrate any increase. In
this study, we have shown that although shear stress
by itself causes no measurable change in intracellular
calcium levels, the magnitude of the shear stress does
change the response of endothelial cells to histamine
and thrombin stimulation. This change in the intra-
cellular calcium response is manifested in either of
two distinct ways: a change in the time course of the
response or a change in the magnitude of the intra-
cellular calcium response.
First, for both histamine-stimulated and thrombin-
stimulated cells, there is a lag time after the cells are
exposed to the agonist and before the intracellu-
lar calcium concentration begins to increase. The 
duration of the lag time depends on mass transfer 
limitations as well as on intracellular processes. To
determine the contribution of intracellular processes
on the duration of the lag time, we solved the gov-
erning differential equation for the concentration of
agonist (either histamine or thrombin) in the flow
chamber as a function of position and time. The
results clearly show that the duration of the lag time
decreases as the shear stress is increased at any con-
centration of histamine used (Table). Second, for
thrombin-stimulated but not for histamine-stimulat-
ed cells, the magnitude of the maximum increase in
the intracellular calcium concentration depends on
the magnitude of the shear stress. These two find-
ings suggest that the signal transduction pathway for
shear stress–stimulated endothelial cells involves
modulations in intracellular calcium signaling.
There are two important differences in the way
endothelial cells respond to either histamine or throm-
bin. First, histamine is a small molecule; consequently,
it diffuses quickly relative to the large protein throm-
bin. Therefore, the histamine concentration near the
cell surface in the flow chamber increases more rapid-
ly than the thrombin concentration. For example, as
illustrated in Figs 1 and 3, at 1 dyne/cm2 it takes his-
tamine approximately 3.4 seconds to reach 50% of its
bulk value, whereas it takes thrombin approximately
7.7 seconds. Second, the thrombin receptor is proteo-
litically cleaved by thrombin so that it can be activated.
Consequently, cells that are exposed to thrombin will
lose thrombin receptor from their surface. These two
phenomena suggest that at low shear stresses, the cell
monolayer is exposed to a slowly increasing concentra-
tion of thrombin. This helps to explain the results pre-
sented in Fig 2, which shows that the maximum
increase in intracellular calcium concentrations is
reduced at lower shear stress. At the low shear rates,
the cells are in effect being exposed to a low thrombin
concentration for some time before they are exposed
to the bulk thrombin concentration. This can result in
a desensitization of the cells to thrombin because of
cleavage of the thrombin receptor on the cell surface.
This may also explain why the response of cells to
thrombin is so much more heterogeneous than the
response to histamine.
This study does not resolve the controversy of
whether shear stress alone does or does not cause an
increase in intracellular calcium concentration. We
found no measurable increase in [Ca2+]i, but other
investigators using similar techniques have reported
an increase. The smallest signal that we can detect is
a change of approximately 10 nmol/L in intracellu-
lar calcium concentration. For cells exposed to ago-
nists, if the change in [Ca2+]i is less than approxi-
mately 50 nmol, there is no measurable change in
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endothelial cell metabolism. It is possible that shear
stress causes a change in intracellular calcium con-
centration that is highly localized within the cell.
Consequently, it may not be accessible to the fluo-
rescent dye. Alternatively, shear stress may modulate
a part of the calcium signaling pathway, either by
directly modulating the pumps and channels that
move calcium ions or by affecting the chemical sig-
nals that regulate the calcium ion pumps.
What is clear from our study is that shear stress
can directly alter calcium signaling in histamine-
stimulated or thrombin-stimulated endothelial cells.
The cells can thereby determine information about
the shear stress environment.
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